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Abstract 
 
This study sought to characterize the changes in apple cultivars honeycrisp and Rhode Island 
greening during long-term controlled atmosphere (CA) storage, especially as they pertain to 
cider making. Controlled atmosphere storage, in industry, involves storing apples in a low O2 
(<2%) atmosphere and at low temperatures (0-3 °C) (Watkins & Yahia 2008). To recreate CA 
storage and to investigate the effects of different storage conditions on the apples, both cultivars 
were stored in both regular atmosphere (approx. 79% N 2 + 21% O2, abbrev. RA) and inert 
atmosphere (100% N2, abbrev. IA), as well as three temperatures: each approx. 4 °C (LT), 25 °C 
(RT), and 30 °C (HT). Multiple times during the 2-month duration of the study, apples were 
removed from storage for testing. Tests used were pH, hardness, and IR spectroscopy. IR data 
found a buildup of carbonyl containing compounds in LT stored apples not found in apples 
stored in other conditions. After review of the literature, two main candidates were identified: 
acetaldehyde and ethyl acetate. It was concluded that apples were undergoing fermentative 
metabolism during CA storage (Saquet and Streif 2008) (Both, et al. 2016). Literature 
recommends removing apples from CA storage for a period of eight days to allow fermentative 
metabolism products to return to pre-storage levels (Saquet and Streif 2008). ! !
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1.0 Introduction 
Biting into a crisp, sweet apple year-round is possible due to controlled atmosphere 
storage. Most apples bought in supermarkets between the months of January and S ptember have 
likely been stored in controlled atmosphere storage for up to twelve months. This is a method 
used to extend the longevity of apples, effectively keeping them in the market for a longer 
amount of time by controlling various aspects of the atmosphere. It is a sophisticated technology 
that carefully regulates the temperature, humidity, nitrogen and carbon dioxide in order to slow 
down ripening (Giles, 2013).  
Starting in the 1800’s, barrels were filled with apples, sealed tightly, and placed into 
sailing vessels to be shipped overseas. Months later after the journey, people found that the 
apples were still firm and crisp (Giles, 2013). This concept evolved in the 20th century in 
Cambridge, England when Franklin Kidd and Cyril West developed the foundation for the 
commercial application of preservation. The effective use of a gas storage technique quickly 
proved to be valuable, resulting in commercial facilities to be built in the United States 20 years 
later. Now, growers and packers can even control storage facilities over the internet with their 
smartphones (Sigler, 2011). 
Although the controlled atmosphere storage keeps the apples up to the standard of eating, 
chemically they are not the same as a freshly picked apple. Studies show that the low 
temperatures and low oxygen levels in controlled atmosphere storage lead to increased levels of 
ethanol and acetaldehyde (Saquet and Streif, 44-5). Additionally, an ester, known as ethyl 
acetate, forms inside the apple during fermentative metabolism (Both, et al., 489). Al hough 
these chemical changes are not entirely noticeable while eating an apple, North Country Hard 
Cider has noted that these chemical changes are amplified during the fermentation process.  
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North Country Hard Cider, a company located in Rollinsford, NH, uses apples from 
Copper Farms in West Paris, ME and Lake Breeze in Sodus, NY. They use apples straight from 
the tree from October to January, some of these being kept in short-term storage. From th n, they 
start to use apples from controlled atmosphere storage until May. The shorter-term storage rooms 
are kept in a normal atmosphere at 34 degrees Fahrenheit. The apples stored in these rooms are 
ones that will be used in one to two months. For storage longer than that, apples are kep  in an 
atmosphere of 2% oxygen and 2% CO2 at 34 degrees Fahrenheit (Dixon, 2016).  
North Country Hard Cider finds that the taste of their cider progressively changes in an 
unwanted direction when they use apples that have been in controlled atmosphere storage for 
around six months. They tasked our group with performing an aging study on apples in order to 
identify the cause of the change. We designed our project to explore a simulated controlled 
environment aging study of two types of apples used by North Country Hard Cider, honeycrisps 
and Rhode Island greening. We tested pH levels, hardness values and ran IR spectroscopy scans 
in order to evaluate the changes in apples over time and under various conditions. The conditions 
we tested were at refrigerated temperatur , mbient temperature, and incubated temperature in 
both inerted nitrogen air and regular air. Our results show that the quality of the apples tested in 
the inert nitrogen varied from those kept in regular air. Overall, data showed various chemical 
changes in apples under all conditions over time. With information we hope to provide North 
Country a better understanding of the effects of different atmospheres on apple storage and how 
to manage these changes.  
2.0 Background 
Starting its phenomenon in the early 1990’s, “hard cider [has become] the fastest-growing 
segment of the liquor industry” (Proulx & Nichols, 2003). The term ‘hard cider’ refers to a 
11!
“cloudy unpasteurized apple juice” (Lea & Drilleau, 2003) when it is a fermented product. The 
years 2008 to 2012 had the largest growth in demand for hard cider since before prohibition (Tax 
and Trade Bureau). With a drastic increase in the demand for hard cider, there is also a growing 
interest in the production process, and what it takes to make a good quality cider. No e tha  ther  
is also a long-standing and viable market for fresh, non-fermented cider.  In this report, the use of 
the term “cider” will refer to fermented, or hard, cider and that non-fermented pr ducts will be 
referred to as the more generic “juice.” 
Making cider, especially craft cider, is an art form that heavily relies on apple varietals. 
Different apples can create different styles of cider that suit what the cider producer wants. These 
styles tend to be different in varying countries as well. In Europe, cider tends to be made with 
bittersweet and bittersharp apple varieties while the United States leans more towards the sharp 
tasting variety. The difference between these is that bittersweet and bittersharp apples usually 
have a high percent of tannins and a lower percent of malic acid than sharp or sweet apples 
(Peck, G. et al., 2014). 
Apples are the key to making a great cider, so one must select the apples with the greatest 
qualities. The most important statement to have been said on this point is, “it is at the orchard 
that the quality of the cider makes itself…it is at the orchard that the apples fill up with sugar and 
flavor, with the help of sunshine, soil, and everything else that surrounds the tree” (Jolicoeur, 
2013). The quality of the apple comes down to several factors including the cultural practices 
employed by the orchard, different varietals, at which point in the life cycle the apple is picked 
from the tree, the weather, and most importantly, the juice of the apple. The bacteria hat is in 
and even around the juice is also an important variable, along with the equipment, procedure, and 
what additives the makers use (Proulx & Nichols, 2003). Usually apples that are of “late 
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maturation, fully ripe or even at the limit of being overripe, from old standard and unfertilized 
trees, [and] small and scabby”(Jolicoeur, 2013) will help the cider reach its maximum quality. 
Apples tend to have higher sugar content and more flavor towards the end of their life cycle. 
While one doesn’t pick a small, scabby apple to eat when going into the orchard, they have more 
flavor and sugar than larger apples, which makes them perfect for cider making.  
The apple juice is the most important component of cider making because it contains all 
the elements that are necessary to make its transformation (Jolicoeur 2013). The juice of an apple 
contains water, sugar, and acid. Each of these components has some sort of effect on how the 
juice turns into cider. The sugar is transformed into alcohol and the cid is what gives the cider 
its fresh taste. Apple juice also contains tannins and pectins, which contribute to the color, 
texture, and bitterness. For an ideal cider blend, “a high sugar content, a balanced acidity, a 
tannin content corresponding to the desired style, [and] a low content of nitrogenous matters” 
(Jolicoeur 2013) is needed. Maximizing the amount of sugar in cider will ultimately increase the 
amount of alcohol. When thinking about total acidity (TA), the amount of malic acid will change 
the style of the cider. A lower TA will produce a cider that has more tannins while a higher TA 
will result in a more sparkling, sweet cider. The higher the tannin content, the more bitter and 
astringent the cider will be, and this contributes a great deal to the type of cider the maker is 
producing. Nitrogenous matter content is based completely on the cultural practices in the 
orchard. When apples mature earlier in the season there is a higher concentration of these 
nutrients, which feed yeast. Cider makers will tend to r ject these apples due to this contributing 
factor (Jolicoeur, 2013). Usually apples with higher sug r content will have a lower, and more 
favorable nitrogen content.  
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Pressing the apples. 
After the perfect apples are picked for the cider making pro ess, the next step is to press 
the apples and extract their juice. Apples presses “exert pressure on the apple pulp until all the 
juice has flowed from the ruptured fruit cells” (Proulx & Nichols, 2003). The more traditional 
presses all have the same criteria. These presses consist of either wood or steel with a central 
stem and an external frame. To apply the load, some presses have a lever system or a hydraulic 
cylinder that works to crush the apples. The pulp and the juice of the apples are separated using a 
slated basket or press cloths that include separators. Large juicing facilities use a continuous belt 
press where the apples are crushed between two belts using rollers and screw presses. After the 
apples are pressed, the juice, now called ‘must’, is tra sferred to a collecting vessel. It is very 
important to try not to expose the juice to air or any other vessel besides plastic or stainless-s eel 
because the “acid in the juice will react with the metal, giving the cider off-f avor and – olors”
(Proulx & Nichols, 2003). 
Blending the juice. 
Blending is the stage of the cider making process where different varietals of apples 
become important and are blended to produce a specific type of cider. “Juices of aromatic, 
astringent, and acid-tart apples are added to a neutral or bland juice base” (P oulx & Nichols, 
2003) in order to get a blend that tastes just right for the type of style the maker wants. There are 
different methods for the blending process at different times in cider production. The three 
different times to blend the juices are “before starting the fermentation, ‘as it goes’ (i.e., during 
the primary fermentation), [and] after the fermentation is completed” (Jolicoeur 2013). For 
hobbyists, the most common approach is to blend the juices bef re star ing fermentation. 
However, for commercial cideries, blending is usually done before and after fermentation. 
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Blending after fermentation “gives the greatest control over the quality of the finished cider” 
(Proulx & Nichols, 2003), especially when blending varietals that mature at different stages. 
When blending for sugar and acidity, there are three types of blends based on the specific gravity 
and total acidity measurements. An ideal blend, which cider makers aim towards, has both a high 
specific gravity and malic acid content. A good blend is when there is not enough sugar in the 
cider, no matter what one tries to do, and does not have a high alcohol percentage. Lastly, there 
are sharp blends that have a slightly higher acidity level than the ideal blend and make the most 
sense for sparkling cider (Jolicoeur, 2013). Figure 1.1 is a sugar-acidity graph, which displays 
the combinations of total acidity and specific gravity for different types of blends.  
 
 
Figure 1.1: Sugar-acidity graph of different blends (Jolicoeur, 2013) 
 
Blending for tannins is more complex than blending for sugar and acidity. Tannin content 
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is usually determined by tasting the juice, which requires much experience. This is a very 
important part of the process because tannins help enhance the fl vor and provide complex 
textures to the cider (Peck, G.et al., 2014). One must rely on their taste buds to determine if the 
tannin is hard versus bitter or soft versus astringent. The key is to not overdo the tannins. Even if 
a cider maker does not get the bitterness and astringency right, it will only change the style of the 
cider. An important thing to note is that “if you blend a cider with a high tannin content, it is 
better to make it low in acidity. It seems that the tannins and the acids complement one another: 
if there is a lot of one, there should be relatively less of the other”(Jolicoeur, 2013).  
Fermentation 
The fermentation process is where the juice of the apples finally turns into cider. This is 
the most important part of the cider making process because it is where the raw apple juice can 
be made to reach its maximum potential or be ruined in the making. During this anaerobic 
process, yeast catalyzes the breakdown of pyruvate from metabolized glucose into ethanol and 
carbon dioxide (Royal Society of Chemistry, 2017)  
 
C6H 12O 6 (glucose) → 2 C2H 5OH (ethanol) + 2 CO2 (carbon dioxide) 
 
The ethanol gives the cider its alcohol content while carbon dioxide produces foam on the 
top of the cider. (Royal Society of Chemistry, 2017)  
However, alcohol is not the only important parameter to consider. Th  yeast can either be
wild yeast found naturally in the apples, or cultured yeast that optimizes the fermentation 
process. There are four different methods of fermentation: wild yeast fermentation, fully 
controlled fermentation, pure yeast inoculation on an un erilized must, and a partial sterilization 
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of the juice from apples followed by a wild yeast fermentation (Jolicoeur, 2013). Cider mak r  
also measure sugar content, acid composition and content, nitrogen content, and more. Knowing 
the sugar content allows the cider maker to evaluate the strength of alcohol while acid 
composition and content determines stability and chemical properties of the cider (Gardner, 
2015). Nitrogen is also essential for successful fermentation, as not enough will lead to sluggish 
or stuck ferments and too much can lead to undesirable microorganisms and spoilage (Lea, 
1997).  
Knowing these parameters allows the cider maker to estimate potential alcohol 
percentages, determine the progress of fermentation, and determine when fermentation is 
finished or should be stopped (Grapestompers, 2017). Overall, determining sugars, acids, and 
nitrogen levels assist in achieving successful fermentation and producing a tasteful beverage. 
Steps of Fermentation 
Ultimately, there are six phases of fermentation; period of establishment of the yeast 
population, primary or turbulent fermentation, secondary fermentation phase, malolactic 
fermentation, maturation and clearing of the cider, and refermentation for carbonation (Jolicoeur, 
2013).  
During the first phase, the juice needs to be in a vessel that provides as much surface 
contact to the air so the yeast multiplies at a fast rate. Once the yeast population gets established, 
fermentation really begins and enters the second phase where  “whi  to light brown foam” 
starts to form on the surface of the juice. Turbulent fermentation can take any where from ten 
days to a month depending on factors such as “how late in the season they were harvested, the 
ambient temperature, the nutrient content of the juice, and the strain of yeast used” (Jolicoeur, 
2013). It is at this point where the fermentation process is at its maximum speed and where the 
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production of carbon dioxide starts. The end of this phase is noted when the foam starts to 
gradually disappear and transitions into secondary fermentation. This phase proceeds until there 
is “no more sugar available to the yeasts for conversion into alcohol...and the yeast cells 
eventually die off for lack of nourishment” (Prou x & Nichols, 2003). MLF, or the malolactic 
fermentation, is considered the fourth phase, however it does not occur in all ciders. It can either 
happen spontaneously at the end of the third phase, or be caused “by the inoculation of lactic 
acid bacteria”(Jolicoeur, 2013). The fifth phase of fermentation is one of the most critical. At this 
point in the fermentation process, carbon dioxide has stopped being produced, and therefore the 
solution of cider is no longer protected by a blanket of it in the airlock container. One must make 
sure that as little air as possible gets into the container. This stage also consists of different 
chemical and biochemical reactions that help to “enhance the flavor and aroma of the cider as 
well as smoothen it”(Jolicoeur, 2013). Particles will also begin to settle and the cider will clear 
and finish maturing. At this point the cider is ready to be bottled, but one can choose to continue 
to the sixth phase, which is naturally carbonating the cider to make it sparkling.  
Racking  
Racking or ‘racking off’ is a process by which the cider is separated from its lees, “the 
thick sediment that has settled at the bottom of the fermenting vessel” (Proulx & Nichols, 2003). 
The cider gets placed into a second container while the lees remain undisturbed. Racking is a 
very important part of the cider making process because it reduces the biomass, or “the organic 
matters that feed the yeast, as well as dead and live yeast cells”(Jolicoeur. 2013). To decrease the 
activity of the yeast even more, it is best to do the racking process while he cider is cold. 
Ultimately, there are three types of racking that a cider maker can perform: first racking, 
stabilization racking (optional), and final racking. The first racking is the process of moving the 
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cider from a primary fermentation vessel to a secondary one, where air contact is at a minimum. 
First racking also helps to reduce the speed of fermentation and can be done after turbulent 
fermentation (early racking) or after fermentation is done (late racking) (Jolicoeur, 2013). An
additional racking can be done during the secondary fermentation phase, which is referred to as 
stabilization racking. This slows fermentation so the cider will contain unfermented sugar, 
therefore resulting in a sweeter cider using a natural sugar. Following the fifth step of 
fermentation, the maturing phase, final racking can be done. This is the final step of separating 
the cider from its lees before bottling.  
Basic Elements 
Although each cidery, and even each cider, has its own unique process and ingre ients, 
there are certain basic elements that they have in common, including sugars, yeast, acids, 
tannins, and aroma chemicals. These can be found in each cider, however cider makers alter the 
types or amounts of each element in order to achieve their desired taste (Brunning, 2015). 
Sugars  
Apples naturally contain sugars, and the apples that contain the most sugar are usually the 
ones that contain the most flavor and produce a richer taste. High sugar levels result in a good 
degree of alcohol after fermentation and also preserves the quality of the cider (Jolicoeur, 2013). 
Since these sugars react during fermentation, the sugar levels decrease, making cider naturally 
dry. To counteract this process, cider makers can add sugar, however, this can cause 
fermentation to start again (Brunning, 2015).  
There are three main fermentable sugars present in apples: fructose, glucose, and sucrose. 
Fructose is most abundant with a concentration of 7-11 mass percent. It is a m nosaccharide and 
a reducing sugar, meaning it is capable of acting as a reducing agent because of its free aldehyde 
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group or ketone group. Sucrose is the next highest concentrated sugar, between 2 and 5 percent, 
and commonly known as granulated table sugar. It is a disaccharide and non-reducing. It may, 
however, be inverted, which is a chemical reaction where the sucrose combines with a small 
amount of water to give a product with equal amounts of fructose and glucose. Glucose is also a 
monosaccharide and a reducing sugar. It has the lowest concentrations in apples (between 1 and 
3 percent), which decreases as the apples ripen (Jolicoeur, 2013). 
Yeast 
Yeast is a unicellular fungus microorganism whose spores naturally lie on the surface and 
skin of the apples. Wild yeast comes in many different species and strains with distinct 
characteristics. For cider making, the focus is on the conditions for their survival and 
proliferation (Jolic eur, 2013). These parameters include temperature, tolerance to alcohol, 
flavor profile, and tolerance to sulfite, which many yeast  produce during fermentation by 
reducing naturally occurring sulfate (SO3) to s lf te (SO2) (Lea, 2011).  
The classification of wild yeast responsible for starting fermentation are the non-
Saccharomyces yeasts, also referred to as apiculate yeasts. They are most abundant throughout 
the apple, giving them the ability to begin fermentation after the apple pressing process. They 
work quickly; however, they have a low tolerance to alcohol, causing them to die when alcohol 
concentration reaches 2 t  4 percent. Their overall production of alcohol is relatively small, 
however cider makers find they contribute to the overall flavor of richness and complexity 
necessary (Jolicoeur, 2013).  
The group of wild yeast most responsible for completing the transformat on o  sugar into 
alcohol is the Saccharomyces classification of yeasts. They are not present in high concentrations 
in the apples, however they colonize the juice from spores in the air and on cider making 
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equipment. They ferment efficiently, produci g more alcohol per quantity of sugar than other 
yeasts. They also are tolerant to alcohol and sulfites. These qualities allow them to produce 20 
percent more alcohol than the non-Saccharomyces yeasts from the same amount of sugar  
(Jolicoeur, 2013).  
Wild yeasts successfully ferment hard cider, however scientists started to isolate and 
purify cultured yeasts. They documented features such as species, competition factor, 
temperature range, alcohol tolerance, and many others. Cultured yeasts are strong fermentes, 
therefore, reduce the risk of stuck fermentations. They are also more reliable and predictable, 
offering more control over the process (Jolicoeur, 2013).  
No matter the type, yeast is a vital element for cider making, especially for fermentation. 
Yeast enzymes enable the breakdown of long chainlike starch molecules into smaller units of 
sugar. Then, other yeast enzymes convert glucose molecules to pyruvate and other enzyme 
reactions break apart the molecule into ethyl alcohol and carbon dioxide. The series of reactions 
provides the yeast cells with the energy necessary for their growth and division and, in turn, 
provides the cider with its alcohol content (Advameg, Inc., 2017).   
Acids 
Hard cider is composed of five different types of acids: malic acid, quinic acid, citric 
acid, lactic acid, and acetic acid. Malic acid is the most prominent acid in apples, making up 90 
percent of the total acid composition. The remaining portions are composed of mostly quinic 
acid (up to 10 percent) and citric acid (1 to 2 per ent). Dur ng fermentation, malic acid is 
converted into lactic acid during malolactic fermentation, while also producing small amounts of 
acetic acid (Jolicoeur, 2013).  
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Acids in cider give a sensation of freshness; owever t o much or too little will yield an 
unpleasant beverage. When the cider is not acidic enough, it will taste dull. However, too much 
acid will make the cider sharp and tart. Finding the ideal amount, and controlling it, is key in 
cider making. “For a fresh, dry, festive sparkling cider, the acidity should be between 6 and 7.5 
g/L of malic acid” (Joli oeur, 2013). Sweeter ciders could have a higher acidity since the 
residual sugar will balance out the extra acid content. Contrarily, ciders that contain significant 
amounts of tannins should have a lower acidity (4.5 to 6 g/L) since the tannins will compensate 
for the lack of acid (Jolicoeur, 2013).  
Acids are not only related to the sensory aspects of drinking a hard cider, but also relate 
to the biochemical reactions that take place during the cider making process and the overall pH 
of the cider. The pH, and therefore acidity, is related to the protection from spoilage 
microorganisms. For example, a cider with little acidity will be more likely to spoil due to 
microorganisms. The lower the pH, the more acidic the cider. A pH less than or equal to 3.0 
provides sufficient protection from unwanted microorganisms that cause spoilage. When the pH 
is higher than 3.0 but lower than 3.8, sulfite can be added to lower the pH enough to provide the 
necessary protection. Cider with a pH greater than 3.8 requires blending or the addition of malic 
acid. Apples classified according to their acidity can be found below in Figure 1.2.  
 
Figure 1.2 Apple Classification According to their Acidity (Jolicoeur, 2013) 
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Tannins and Aroma Chemicals 
Tannins are naturally occurring polyphenol compounds that add an astringency and 
bitterness to the cider. They also give the cider color and body. Astringency results in a 
shrinkage of body tissues and creates a dry sensation in the mouth. Bitterness is very 
recognizable and can be desirable in the right quantities (Jol coeur, 2013). 
Typically, mainstream ciders contain lower levels of tannins than traditional ciders and 
different types of apples contain different leve s of tannins. An apple with low amounts of 
tannins is considered to have a concentration of less than 1.5 g/L of tannic acid. An apple with 
high tannins would have a concentration of over 2.5 g/L of tannic acid. In general, apples contain 
low amounts of tannins. To increase the tannins in a cider, black tea, raisins, or oak can be added 
(Hard Cider Hub, 2014). Adding tannins has become increasingly popular since cider makers 
realized it improves the overall quality of the cider (Jolicoeur, 2013).  
However, making hard cider is not just about the taste. Aroma chemicals appeal to a 
different set of senses. Many chemical compounds such as 2-methyl-4-pentyl-1, 3-dioxane, 2-
methylbutanoate, and 2-phenylethanol give cider a unique aroma. The most popular, 2-methyl-4-
pentyl-1, is produced when a natural alcohol found in apples reacts with acetaldehyde from 
fermentation. 2-methylbutanoate produces a fruity aroma while 2-phenylethanol has a floral 
aroma (Brunning, 2015).  
Apple Storage 
In order to increase the lifespan of apples after harvest, controlled atmosphere (CA) 
storage is employed. CA storage involves decreased temperature (usually 0-2 °C) an  decreased 
oxygen concentration (usually 0.7-2% O2). The optimal temperature and oxygen concentration 
vary depending on the cultivar of the apple being stored. Additionally, the way in which the 
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temperature and oxygen concentration are decreased can contribute to increased lifespan. For 
example, it is recommended to load Fuji apples at 2-3 °C, seal them at 2 °C, then bring the 
temperature down to 1 °C after 2-3 weeks of s o age. Similar procedures exist for reduction of 
O 2 concentration. Storage life for apples stored in CA vary by cultivar, but are generally between 
two to three months (Watkins & Yahia, 2008). 
Another strategy to increase the storage life is to treat the apples with 1-
methylcyclopropene (1-MCP). Undesirable effects of fruit aging, such as softening and 
discoloration, can be slowed because of 1-MCP’s ability to inhibit ethylene receptors in the fruit 
(Watkins & Yahia, 2008).!
North Country Hard Cider 
North Country Hard Cider is a small, independent cider brewing company located in 
Rollinsford, NH. North Country is dedicated to making high-quality cider free of preservatives, 
additives, artificial coloring and flavoring, and back sweetening (the process of adding sugar into 
the finished product). The primary ingredient in their cider is locally grown apples.  
North Country has asked for an investigation into what happens to apples after long-term 
storage. While apples may be fine for direct consumption after six or more months in storage, the 
cider they can produce have off flavors or other unwanted qualities in the finished cider.  
3.0 Methodology 
Our project explored a simulated controlled environment aging s u y f two typ s of 
apples used by North Country Hard Cider. We focused on honeycrisp and Rhode Island greening 
apples. In order to achieve this study, we created two phases of the experiment. The first phase 
was to create different controlled atmospheres and decide the lengt  of time these apples would 
stay in these environments. The second phase was our testing phase, where we decided what 
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characteristics of the apples would be most important to study. 
Phase 1: Controlled Atmosphere Storage 
Our two variables during this experiment would be the atmosphere and the temperature 
of the environment in which the apples were stored. We decided to keep the apples at three 
different temperatures; refrigerated, ambient (room temperature), and incubated. Within each 
temperature grouping, the apples would be kept in both regular air and nitrogen inerted storage. 
Altogether, there were six different storage conditions for both the honeycrisps and Rhode Island 
greenings. The refrigerated, ambient, and incubated apples were kept between 0-4, 20-25,
and 30-35 respectively. The apples kept in regular air were placed in generic, gallon Ziploc 
plastic bags while the nitrogen inerted apples were kept in McMaster-Carr airtight containers. 
Following washing the apples and placing them in the appropriate containers, we put 
them in the varying storage conditions on December 15, 2016. From there, we had a total of five 
test days. All apples were left in storage until their test date. Therefore we were able to test 
apples that have stayed in storage from four to ten weeks, and study the effects of time spent in 
each controlled atmosphere. Table 3.1 shows the different test dates and which storage 
conditions were tested on these days.  
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Table 3.1 Test Dates and Conditions 
Test Date Apple Varietal Storage Conditions 
1/13/17 Honeycrisp 
Rhode Island greening 
Refrigerated 
Refrigerated, N2
Ambient 
Ambient, N2 
Incubated 
Incubated, N2 
1/18/17 Honeycrisp 
Rhode Island greening 
Refrigerated 
Refrigerated, N2
1/24/17 Honeycrisp 
Rhode Island greening 
Incubated 
Incubated, N2 
1/28/17 Honeycrisp 
Rhode Island greening 
Ambient 
Ambie t, N2 
2/13/17 Honeycrisp 
Rhode Island greening 
Refrigerated 
Refrigerated, N2
 
Phase 2: Testing the Apples 
For each storage condition, 3 individual apples of each cultivar (honeycrisp and Rhode 
Island greening) were tested. We initially recorded physical observations we observed from each 
apple, for example any bruising, scabs, etc. Pictures of each apple were also taken for reference, 
seen in Appendix A. From there, we sliced one side of the apple to get a flat surface to perform a 
hardness test. A Wagner FT Fruit Tester was used to measure the resistance in pound-force (lbf). 
We slowly pressed the FT into the flat surface of the apple a total of two times and then averaged 
the force readings. A piece of each apple was pressed to collect a small amount of juice. We then 
tested the pH of the juice with standard 1-14 pH testing strips. Lastly, we used an IR 
spectrometer to record an infrared spectrum from a thin slice of each a ple. 
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The principle upon which infrared spectroscopy is based is that certain chemical bonds 
absorb certain wavelengths of light. The spectroscopy instrument works by passing infrared light 
of a range of wavelengths through a sample and recording the intensity of the light by 
wavelength. This shows up in the resulting spectrum as inverted “peaks” that show which 
wavelengths of light were absorbed and how strongly. For much of the spectrum, peaks and 
patterns at certain wavelengths can be directly associated with one specific type of bond (for 
example, a deep, broad peak at a frequency of 3300 cm-1 would mean that oxygen-hydrogen 
bonds are present). In the lower end of frequencies, clear associations with peaks and bonds 
cannot be made; this part of the spectrum is known as the “fingerprint region”. The fingerprint 
region is useful in comparing o r unk own spectra to previously recorded spectra of known 
compounds.  
4.0 Results and Discussion 
IR Spectroscopy 
After the IR data were examined, certain generalizations were made. Almost all of the IR 
spectra have five features in common: 
1. A strong, wide peak at around 3300 cm---1 caused predominantly by hydroxyl 
(OH) groups. Many constituents of apples are rich in hydroxyl groups, such as 
water, sugars, alcohols, and organic acids. This could also be obscuring 
absorption by other groups, such as amines, alkanes, etc. The intensity and 
wavelength of this feature generally do not change with time or independent 
environment variables. Reduction in intensity with elapsed time and increase in 
temperature would correspond to the apple drying out. 
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2. A noisy region with a very weak peak around 2200 cm-1, the noise of which is 
most likely from the background scan of the FTIR instrument, and the peak could 
be associated with water or any number of common compounds found in apples. 
This feature also does not generally change. 
3. A medium-intensity peak at 1635 cm-1 that is also indicative of water. 
4. A weak-to-medium intensity region at approximately 1030 cm-1 made up of what 
appears to be several overlapping bands that falls within the “fingerprint” region 
of the spectrum. It is difficult to interpret this and other peaks in this fingerprint 
region (approx. <1500 cm-1) because they are influenced by the overall properties 
of the molecule. This region can be used to compare the gathered spectra to 
spectra of known molecules, in order to help determine some of the principal 
components. 
5.  An exceedingly noisy region below 600 cm-1. No se se c uld be made of this 
section of the spectra. 
Unless otherwise stated in the analyses, these features should be assumed to be present 
and constant in all tests.  
Effects of Time 
Both honeycrisp and Rhode Island greening apples were stored at room temperature 
(approx. 20 °C, abbreviated RT) and regular air (approx. 79% N2 and 21% O2, abbreviated RA) 
and were tested at two dates—one early on in the study and one later into the study (when the 
apples had roughly reached the end of their shelf life). These two dates were 13 January 2017 
and 25 January 2017 respectively, spanning a period of 12 days between them. Each apple was 
tested for hardness and pH, any defects were noted (mold, bruises, etc.), and a sample was used 
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to obtain IR spectra for the apple. Three apples of each cultivar were sampl d on each date for 
each specific set of conditions. 
 
Honeycrisp 
Honeycrisp apples stored in RT/RA and tested on 13 January 2017 showed several 
noteworthy characteristics in their IR spectra (see Figure 4.1). First, there is a very small peak at 
around 2900 cm-1 that is somewhat overlapped by the large water peak at 3300 cm-1. This could 
correspond to O-H bonds, specifically in carboxylic acids, or it could suggest the presence of 
aldehydes. Next, there is a weak-to-medium intensity peak at 1740 cm-1, almost certainl  
corresponding to carbonyl (C=O) stretching (Reusch, 2013). There are then two more weak-to-
medium intensity peaks at 1365 and 1230 cm-1. It is possible that these peaks respectively 
represent O-H bending and O-C stretching, with the latter being specifically for carboxylic acids 
or esters. However, these peaks are within the fingerprint region of the spectrum, and 
comparison of features in this region will prove more conclusive. The usual 1030 cm-1 peak is 
severely more intense in these hon ycrisp appl s (a trend that appears to be inherent to 
honeycrisp apples, as this peak is much less intense in Rhode Island greenings).
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Figure 4.1: Sample IR spectrum for honeycrisp stored in RT/RA tested on 13 Jan 2017. 
 
Honeycrisp apples stored in RT/RA tested on 25 January 2017 showed different IR 
characteristics than their counterparts from 12 days earlier (see Figure 4.2). The 1740 cm-1 
carbonyl peak has disappeared almost entirely, along with the peaks at 1365 and 1230 cm-1. 
These three changes point towards a decrease in presence of molecules with carbonyl groups. 
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Figure 4.2: Sample IR spectrum for honeycrisp stored in RT/RA tested on 25 Jan 2017. 
  
Rhode Island Greening 
At the first time of testing on 13 January 2017, the Rhode Island greening pples stored 
in RT/RA (see Figure 4.3) showed a very weak peak at 1740 cm-1 (again, corresponding to 
carbonyls).  
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Figure 4.3: Sample IR spectrum of Rhode Island Greening stored in RT/RA tested on 13 
Jan 2017. 
 
Two small peaks at 1350 and 1250 cm-1 seen in the samples on 13 January are absent in 
the samples from 25 January (see figure 4.4). These two changes compound to strongly suggest a 
disappearance of carbonyls in the Rhode Island greening apples during storage over time in room 
conditions. 
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Figure 4.4: Sample IR spectrum of Rhode Island Greening stored in RT/RA tested on 25 
Jan 2017. 
 
The Rhode Island greening apples showed a nearly identical change with time as the 
honeycrisp apples: the presence of carbonyls decreased over time. 
  
Effects of Heat and Refrigeration 
Both cultivars of apples were also tested in conditions of reduced and increased 
temperature and in RA. Apples were refrigerated to recreate conditions of CA storage to identify 
changes in the apples specific to those conditions. They were heated to simulate a larger 
timescale, as chemical changes happening in the apples were assumed to occur at an accelerated 
rate in higher temperatures. Heated apples were tested on 13 January, and 24 January 2017, and 
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refrigerated apples were tested on 13 January, 18 January, and 25 February 2017. Again, any 
notable conditions of the apples were recorded, and hardness, pH, and IR tests were performed. 
  
Honeycrisp 
Honeycrisp apples tested on 13 January 2017 that were stored in RA showed many 
similarities betwe n being stored at RT (see Figure 4.1) and incubator temperature (approx. 30 
°C, abbreviated HT). As seen in Figure 4.5, HT apples showed weak peaks of more intensity at 
1740 cm-1 compared to RT stored apples, again indicative of the presence of carbonyls. Both lso 
show similar weak-to-medium intensity peaks in the range of 1350 to 1250 cm-1.  
 
Figure 4.5: Sample IR spectrum for honeycrisp stored in RA/HT tested on 13 Jan 2017. 
 
Honeycrisps stored in RA and at a lowered temperature (approx. 4 °C, abbreviated LT) 
tested on 13 January 2017 showed few differences from the apples of the same day stored in 
RA/RT (see Figure 4.6). The main discrepancy is that the 1030 cm-1 peak is more pronounced in 
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the refrigerated apples. The previously seen 1740 cm-1 peak is present in LT apples and is the 
most intense across the three different temperatures. 
 
Figure 4.6: Sample IR spectrum for honeycrisp stored in RA/LT tested on 13 Jan 2017. 
 
Comparison of honeycrisps stored in RT and HT, both in RA on 25 January (see Figure 
4.2) and 24 January 2017(see Figure 4.7), show similar properties between them. The main 
difference is the disappearance of the characteristic peak at approximately 1030 cm-1 in the 
heated apples. 
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Figure 4.7: Sample IR spectrum for honeycrisp stored in RA/HT tested on 24 Jan 2017. 
 
Refrigerated apples tested on 13 February 2017 showed results that were unexpected, 
considering the results from the effects of time. As seen in Figure 4.8, RA/LT apples showed that 
the 1740 cm-1 peak increased in intensity over time in refrigerated apples, suggesting an increase 
in the presence of carbonyl groups. Moreover, the 1350 and 1250 cm-1 peaks also increased i  
intensity. 
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 Figure 4.8: Sample IR spectrum for honeycrisp stored in RA/LT tested on 13 Feb 2017. 
 
Rhode Island Greening 
Rhode Island greening apples stored in RA at RT tested on 13 January 2017 (see Figure 
4.3) show no perceivable difference in IR spectra against those stored in RA at HT tested on the 
same day (see Figure 4.9) 
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    Figure 4.9: Sample IR spectrum for Rhode Island greening stored in RA/HT tested on 
13 Jan 2017. 
 
Likewise, Rhode Island greenings tested on 13 January 2017 stored in RA/LT (see Figure 
4.10) were nearly identical to those stored in RA/RT and RA/HT from the same day. 
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Figure 4.10: Sample IR spectrum for Rhode Island greening stored in RA/LT tested on 13 
Jan 2017. 
 
Rhode Island greenings stored in RA/HT after three weeks (tested on 24 January 2017, 
see Figure 4.11) are exceedingly different in IR spectra from those stored at RT for the same 
amount of time (tested on 25 January 2017, see Figure 4.4). A strong intensity peak at 1740 cm-1 
appeared, as well as a medium intensity peak at 1450 cm-1, and two medium intensity peaks at 
1370 cm-1 and 1220 cm-1. The peak at approx. 2950 cm-1 , seen in some other samples, has also 
intensified, potentially pointing towards an increase in aldehydes. Additionally, the usual feature 
at 1030 cm-1 is absent. Conclusions from this are an increased presence of carbonyl groups as 
indicated by the 1740 and 1220 cm-1 peaks and, more specifically, aldehydes due to the 2950 cm-
1 peak. 
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Figure 4.11: Sample IR spectrum for Rhode Island greening stored in RA/HT tested on 
24 Jan 2017. 
 
IR spectra for Rhode Island greenings stored in RA/LT tested 13 F bruary 2017 (see 
Figure 4.12) show very similar features to those stored in RA/LT and tested on 18 January 2017. 
The peak at 1740 cm-1 is much less intense in the refrigerated apples, suggesting that 
refrigeration has inhibited the increase of carbonyls in Rhode Island gr ening apples. The peaks 
at 1370 and 1220 cm-1 are also smaller in the refrigerated apples. Much like the honeycrisp 
apples, this result is contradictory to the results from the tests of the effect of time on RA/RT 
stored apples, which showed a decrease in carbonyls over time.
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 Figure 4.12: Sample IR spectrum for Rhode Island greening stored in RA/LT tested on 
13 Feb 2017. 
 
Refrigerating both cultivars of apples was shown to lead to an increase in the presence of 
carbonyls and hydroxyl containing compounds over time. The identity of these compounds was 
investigated, and the results of that investigation can be found later in this section. 
 
Effects of Inert Atmosphere 
Apples of both cultivars were stored in airtight containers, which were cleared of air and 
inerted with nitrogen gas.  
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Honeycrisp 
Honeycrisp apples tested on 13 January 2017 stored in inert atmosphere (IA) and at RT 
(see Figure 4.13) show no difference from others tested on the same day stored in RA/RT (see 
Figure 4.1). 
  
Figure 4.13: Sample IR spectrum for honeycrisp stored in IA/RT tested on 13 Jan 2017. 
 
Honeycrisps stored in IA/RT tested on 25 January 2017 (see Figure 4.14) are similar to 
those tested on the same day stored in RA/RT (see Figure 4.2), but have a few difference . The 
apples stored in RA have a slight dip around 1740 cm-1 whi e this fe ture is co pletely absent in 
the apples stored in IA. This suggests that there is a slight presence of carbonyls in the RA apples 
compared to the IA apples. The RA apples also have a few v ry weak peaks between 1500 and 
1200 cm-1, but these are also absent in the IA apples along with the characteristic 1030 cm-1 
peak.  
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Figure 4.14: Sample IR spectrum for honeycrisp stored in IA/RT tested on 25 Jan 2017. 
 
It appears that an inert atmosphere might help inhibit the creation of carbonyls or 
potentially reduce their presence altogether. It is also possible that the same is happening to 
hydroxyl groups as well.  
 
Rhode Island Greening 
In comparing Rhode Island greenings stored in IA/RT (see Figure 4.15) to those stored in 
RA/RT (see Figure 4.3), both tested on 13 January, little difference between IR spectra of the 
two groups can be seen. 
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Figure 4.15: Sample IR spectrum for Rhode Island greening stored in IA/RT tested on 13 
Jan 2017. 
  
On 25 January, Rhode Island greening apples again showed little difference between 
those stored in IA/RT (see Figure 4.16) and those stored in RA/RT (see Figure 4.4). 
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Figure 4.16: Sample IR spectrum for Rhode Island greening stored in IA/RT tested on 25 
Jan 2017. 
 
The effects of nitrogen alone on the apples in storage were found to be weak compared to 
the effects of time or temperature. An inert atmosphere seemed to contribute to a decline in 
carbonyls in honeycrisp apples over time.  
 
Effects of Controlled Atmosphere (Inert Atmosphere & Refrigeration) 
Apples stored in nitrogen and refrigerated (abbreviated as CA) were compared to apples 
stored in nitrogen at room temperature and apples stored in RA and refrigerated, to determine if 
there were any effects that were unique to the combination of these two variables (i.e., the effects 
were different than the extrapolation from results in IA and LT individually). Refrigerated apples 
in inert atmosphere most closely simulate the conditions in controlled storage in industry. 
45!
 
Honeycrisp 
Honeycrisps tested on 13 January 2017 stored in CA (see Figure 4.17) had a nearly 
identical IR spectrum to RA/LT stored apples (see Figure 4.8). Compared to IA/RT (see Figure 
4.13), CA honeycrisps showed less pronounced peaks at 1740, 1370, 1230, and 1020 cm-1. These 
are characteristics also prominent in late-term RA/LT stor d apples. 
 
         Figure 4.17: Sample IR spectrum for honeycrisp stored in CA tested on 13 Jan 2017. 
 
Only CA and RA/LT honeycrisp apples were tested on 18 January 2017 (see Figures 4.18 
and 4.9, respectively). IR spectra comparison between these two shows more absorption at 1740, 
1370 and  1230 cm-1 in the RA/LT apples. This suggests that the inert atmosphere helps inhibit 
the appearance of the chemicals that build up in low temperature storage.
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Figure 4.18: Sample IR spectrum for honeycrisp stored in CA tested on 18 Jan 2017. 
 
Honeycrisp apples stored in both CA and RA/LT that were tested on 13 February 2017 
(see Figures 4.19 and 4.10, respectively) showed unexpectedly similar IR spectra. The most 
noticeable difference was that the CA apples generally had smaller peaks at 1740 cm-1, but this 
peak varied greatly between samples of the CA apples.  
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        Figure 4.19: Sample IR spectrum for honeycrisp stored in CA tested on 13 Feb 2017. 
 
Comparing CA honeycrisp apples from 18 January and 13 February 2017 to IA/RT 
honeycrisps tested on 25 January 2017 (see Figure 4.13) shows a high degree of difference 
between the two conditions. The IA/RT apples show none of the features at 1740, 1370, 1230, 
and 1020 cm-1 that are present in the CA stored apples.  
  
Rhode Island Greening 
Rhode Island greening apples tested on 13 January 2017 showed little difference in IR 
spectra among CA (Figure 4.20), RA/LT (Figure 4.10), and IA/RT (Figure 4.15) apples. 
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Figure 4.20: Sample IR spectrum for Rhode Island greening stored in CA tested on 13 Jan 2017. 
 
Again, on 18 January 2017, Rhode Island greenings stored in CA (see Figure 4.21) and 
RA/LT (see Figure 4.11) show only a slight difference. However, it is notable that the CA apples 
show a weaker peak at 1740 cm-1, suggesting that the inert atmosphere helps stop the appearance 
of whatever chemical is causing that peak. 
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Figure 4.21: Sample IR spectrum for Rhode Island greening stored in CA tested on 18 Jan 2017.  
 
Much like the honeycrisp, Rhode Island greening apples tested on 13 February 2017 
showed little difference in IR spectra between CA (see Figure 4.22) and RA/LT (see Figure 4.11) 
stored samples. More so, they also showed slightly weaker peaks at 1740 cm-1, similar to the 
honeycrisp. 
 
50!
 
Figure 4.22: Sample IR spectrum for Rhode Island greening stored in CA tested on 13 Feb 2017. 
 
In comparing the Rhode Island greening apples tested on 25 January 2017 stored in 
IA/RT (Figure 4.16) to those stored in CA tested on both 18 January (Figure 4.21) and 13 
February 2017 (Figure 4.22), a significant difference can be seen in the IA/RT sample’s IR 
spectra. These samples show a most no features at 1740, 1370, 1230, and 1020 cm-1, whereas 
their CA stored counterparts clearly showed peaks in these regions. Also, all of these features, 
except that at 1020 cm-1, intensified over time between the 18 January and 13 February 2017 
samples.       
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Hardness 
Effect of Time 
Honeycrisps 
The honeycrisp apples were stored in the six different conditions discussed above starting 
15 December 2017. When the apples at heated temperatures were tested, they all registered “no 
hardness” on the fruit hardness tester. This is equivalent to a hardness value of l ss than 2.5 lbf. 
The first apples tested had been in the incubator for 29 days, showing that aging significantly 
increases as temperature increases. Testing for heated apples concluded after twelve days due to 
extensive signs of aging. Results for LT, IA/LT, RT and IA/RT can be found below in Figure 
4.23.    
  
Figure 4.23: Effect of Time on Honeycrisp Apples 
 
For the duration of the testing period RT and IA/RT honeycrisp apples showed relatively 
constant hardness values. However, the testing period for these apples was twelve days. At 
ambient temperatures, honeycrisp apples showed signs of aging including mold and over 
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ripeness, which is why our testing had to conclude for those conditions. Our data showed that 
when apples were placed in refrigeration, with and without N2, firmness was preserved. Apples
in LT and IA/LT conditions yielded a testing period of 31 days, more than twice the duration of 
the other two temperatures.  
 
Rhode Island Greening 
Overall, Rhode Island greening apples yielded hardness levels that were less than the 
values for honeycrisps. Additionally, Rhode Island greening apples under IA/RT conditions 
yielded no hardness from the start of testing. While testing, the containers with inert atmosphere 
had noticeably more condensation and our data suggests that this decreased the overall hardness 
of the Rhode Island greening apples during testing. In controlled atmosphere storage rooms, 
humidity is closely regulated. Unfortunately, regulating humidity was not possible for this study 
so our data cannot confirm what would happen if the condensation was removed. Over time, 
hardness values for LT, IA/LT, and RT remained relatively constant as you can see below in 
Figure 4.24.  
 
Figure 4.24: Effect of Time on Rhode Island greening Apples 
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Similar to the honeycrisps, Rhode Island greening apples kept at ambient temperatures 
showed copious signs of aging, and testing had to be terminated after twelve days. The hardness 
of apples kept at low temperatures with and without N2 r m ined constant after 31 days under 
the respective conditions. 
Effect of Heat 
Honeycrisps 
Honeycrisp apples put into refrigeration or at ambient temperatures showed to have 
relatively constant values for hardness over the testing period. Contrarily, incubated appl s
consistently showed a hardness value of zero throughout the duration of testing. The effect of 
heat on hardness for honeycrisp apples can be found below in Figure 4.25. 
 
 
Figure 4.25: Effect of Heat on RA and IA Honeycrisp Apples 
 
Although Honeycrisp apples kept in RA had similar hardness values as those kept at low 
temperatures, the ones at room temperatures lasted less than half as long as the ones kept at low 
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temperatures. Overall, the method of refrigeration proved to be the best method to keep 
honeycrisp apples with and without N2. 
Rhode Island Greening 
As predicted, refrigeration resulted in the fi mest Rhode Island greening apples. Figure 
4.26 shows the results of the RA and IA Rhode Island greening apples at the three different 
temperatures.  
 
Figure 4.26: Effect of Heat on RA and IA Rhode Island Greening Apples 
 
RA Rhode Island greening proved to have results similar to Honeycrisps, however when 
the apples were in IA, the hardness at ambient temperatures dropped to “no hardness” on the 
fruit hardness tester. As stated previously, we believe that the extra condensation in the 
containers with N2 decreased the hardness of Rhode Island greening apples at ambient 
conditions.  
Effect of Inert 
Honeycrisps 
For Honeycrisp apples, N2 did not have a significant impact on the overall hardness. At 
ambient temperatures, the N2 h d a negative effect on the hardness due to the condensation 
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produced in the containers. In an actual controlled environment, where the humidity is regulated, 
we believe that we would have seen different results. Figure 4.27 below shows hardness values 
at RT and LT, since heated apples had no hardness values.  
 
 
Figure 4.27: Effect of Inert on LT and RT Honeycrisp Apples 
 
Although our data did not show that N2has a significan impact on the preservation of the 
hardness of the apples, we believe that in a commercial controlled atmosphere where oxygen, 
carbon dioxide, humidity and other parameters are regulated, data would prove that using an 
inert gas such as N2 i  a successful method of preserving apples. 
 
Rhode Island Greening  
The use of N2 deemed to be effective for Rhode Island greening apples at LT, but not at 
RT. Below in Figure 4.28, data shows that the hardness of apples kept in N2 at LT ad high r 
hardness than those that did not.  
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Figure 4.28: Effect of Inert on LT and RT on Rhode Island Greening Apples 
 
For Rhode Island greening apples at RT, N2 gas h d a negative effect on hardness 
because of the increased condensation as discussed previously. Overall, our data showed that the 
simulated controlled atmosphere storage at LT improved the quality of the apples and identified 
a potential moisture problem at RT. 
Potential Hydrogen - pH 
Honeycrisps 
The pH results for honeycrisp apples showed that the six different conditions slightly 
affected the pH. Figure 4.29 below shows the different conditions and their respective pH values 
on the different testing dates. 
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Figure 4.29: pH of Honeycrisp Apples 
 
HT, IA/HT, and IA/RT had higher pH levels than honeycrisps kept at LT and IA/LT, d 
ones kept at RT. North Country Hard Cider noted that when apples were kept in storage over 
time, they saw a decrease in pH. Our data for honeycrisp apples are consistent with this 
observation.  
However, our data for the Rhode Island greening apples were inconclusiv . The pH of the 
IA/HT apples were low the first testing date, then high the second testing date. Contrarily, apples 
in IA/RT conditions had a high pH the first testing date, and a low pH the second testing data. 
The pH of apples kept at LT and RT fell in between. The data for all six conditions can be found 
below in Figure 4.30. 
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Figure 4.30: pH of Rhode Island Greening Apples 
 
When we tested the Rhode Island greening apples, we noticed that they were significantly 
drier than the honeycrisps. Some were split, cracked, and looked like they had burst open. Our 
unconfirmed data could relate to the unexpected conditions of the Rhode Island greening apples 
after they had been stored.!!
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5.0 Conclusions and Recommendations 
Conclusions 
From the IR data, it is clear that something is building up in refrigerated apples over time 
that causes a peak at 1740 cm-1. This region of the graph is characteristic of carbonyl groups. 
There are four functional groups that contain the C=O bond, and each registers differe ly in IR 
spectroscopy. These groups are aldehydes, ketones, carboxylic acids, and esters. Determination 
of the compound(s) in question was performed by analyzing IR spectroscopy data, researching 
chemicals known to be present/accumulate in apples, comparing those data to IR spe tra for the 
known chemicals, and using pH data to support preliminary conclusions.  
The specific 1740 cm-1 band in question falls within the range for the C=O bond stretch 
for all four possible groups. Additionally, other characteristic features f the groups are either 
present or overlapped by other features of the spectra. For example, carboxylic acids show a 
medium strength peak (or two peaks) in the range of 1320-1210 cm-1, which is present n many 
of the graphs, but carboxylic acids should also produce a broad band around 3300-2500 cm-1; if 
this is present in the spectra data, it is obscured by the ubiquitous 3300 cm-1 peak. It is also 
necessary to keep in mind that the IR spectra from lab were taken from mixtures of a number of
different unknown chemicals, and that these chemicals can cause changes in IR spectra such that 
exact matches with single known chemicals is difficult. 
Analyzing IR spectra alone was not enough to determine the chemical in question, so it 
was necessary to find reasonable suspects and compare their known IR spectra to the spectra 
recorded in lab. Water is responsible for much of the general shape of the IR spectra, as can be 
seen from Figure 4.31. 
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 Figure 4.31: IR spectrum of Water (Pouchert, 1985). 
 
One candidate known to be found in apples is malic acid, a dicarboxylic acid. Malic acid 
is most abundant in unripened apples as the malic acid is broken down into other species as time 
goes on (Malic Acid). Moreover, the IR spectra from lab are missing some key features when 
compared to a known spectrum for malic acid (e.g., the medium intensity peak at approximately 
1400 cm-1(see Figure 4.32)). If malic acid is accumulating in the apples, it is possible that 
allowing the apples to ripen outside of CA storage may reduce the concentration of malic acid. 
 
 
Figure 4.32: IR spectrum of L-Malic Acid (Pouchert, 1985). 
 
Yet another candidate examined is acetone. Acetone is a product of ketogenesis, a 
metabolic process that supplies energy to cells that usually takes place during periods when the 
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organism is not receiving energy from outside sources (Hartz). It is unknown if this process 
occurs in any substantial capacity (or at all) in the apples. Acetone does, however, match the IR 
data closely. 
 
 
Figure 4.33: IR spectrum of Acetone (Pouchert, 1985). 
 
Acetaldehyde was also examined as a possibility. This aldehyde is an intermediate in the 
metabolism of sugars into ethanol. One study found that jonagold apples in CA storage built up 
acetaldehyde and ethanol over time, especially in low-oxygen atm sphere (Saquet and Streif, 
43). The combination of lowered temperature and low oxygen causes two enzymes, pyruvate 
decarboxylase (PDC) and alcohol dehydrogenase (ADH), to increase in activity, leading to the 
increased levels of ethanol and acetaldehyde (Saquet and Streif, 44-5). Th  stu y also found that 
removing apples from CA storage and allowing them to stay at room temperature for eight days 
caused ethanol and acetaldehyde concentrations to return to pre-storage l vels (Saquet nd Streif, 
43-6). These findings are consistent with the results of the IR spectrography. Apples that were 
stored in lowered temperature accumulated the chemical in question, while apples at room 
temperature seemed to be free of it by the later testing dates.  
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Acetaldehyde is also a good fit for the IR data (see Figure 4.26). The peak at approx. 
1740 cm-1 from the known spectrum is very close in wavenumber to the peak from the collected 
spectra. Interestingly, the known spectrum for a formaldehyde/water solution seems like a very 
close match on first inspection (see Figure 4.34). While the peaks, their intensities, and their 
relative position from each other are close, the wavenumbers are shifted slightly off. Because 
water is known to be present in the samples, an acetaldehyde/water solution might provide a 
spectrum closer to what was recorded in lab. 
 
Figure 4.34: IR spectra of Formaldehyde, 37 wt. % solution in water (shown top) and 
Acetaldehyde (shown bottom) (Pouchert, 1985). 
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According to Saquet and Streif, the fermentative metabolism that produces acetaldehyde 
also produces ethanol. Ethanol seems to share a few IR characteristics (see Figure 4.35) with the 
late-term CA stored apples, but it is difficult to conclusively discern its presence. 
 
 
Figure 4.35: IR spectrum of Ethanol (Pouchert, 1985). 
 
Another potential match to the apples in IR is ethyl acetate (see Figure 4.36), an ester that 
is known to form inside apples along with acetaldehyde and ethanol during fermentative 
metabolism (Both, et al., 489).  
 
 
Figure 4.36: IR spectrum of Ethyl Acetate (Pouchert, 1985). 
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In all, it appears likely that fermentative metabolism is occurring in CA stored apples, 
causing buildups of compounds like acetaldehyde, ethanol, and ethyl acetate. Literature suggests 
removing apples from CA storage prior to use to reduce acetaldehyde and ethanol levels (Saquet 
and Streif, 43). Infrared spectra from apples stored in RA/RT confirm this, as they do not build 
up such compounds over time, and, in fact, appear to decrease in concentration over time. It 
could be hypothesized that a similar process occurs to ethyl acetate, but this still needs to be 
confirmed. 
Recommendations  
It is recommended to remove the cider apples from storage and leave them at room 
temperature for up to eight days before beginning the cider-making process. This should allow 
acetaldehyde and ethanol buildup in the apples to be corrected and may also reduce levels of 
malic acid and ethyl acetate in the apples. Obviously, judgement should be used in deciding h w 
long to leave the apples outside of storage; they should not be left out long enough to spoil, but 
the longer they are left out, the lower the levels of these compounds. 
In future studies, other techniques should be used to definitively determine the identity of 
the chemical(s) that cause the apples to produce unwanted cider. Gas chromatography (using a 
headspace method) would help determine the identity of any volatile chemicals present. Another 
method is to perform assays to identify certain enzymes (such as ADH and PDC, as noted by 
Saquet and Streif (43)), and their concentrations in the apples. Research on the behaviors of these 
enzymes could provide insight into how to inhibit or stimulate their activity, which could lead to 
methods to improve the quality of the stored apples.  
Confirming the results of the process of removing the apples from storage would also be 
a potential topic for studies in the future. Specifically, this study could determine the number of 
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days necessary after removal from storage to allow acetaldehyde, ethanol and ethyl acetate levels 
to reduce to an acceptable range. Moreover, a study could be performed to determine what are 
the acceptable levels of these compounds in apples for making cider. 
Investigation into other methods of long-term storage for apples may identify other ways 
to improve apple quality. For example, comparing nitrogen inerting to helium/argon inerting or 
carbon dioxide inerting. Varying partial pressures of the inert gas in combination with regular 
atmosphere or oxygen may also produce useful results.  
Conducting tests on apple juice, wort (the liquid fermented in the production of beer), and 
cider made with apples at different stages of storage and from different storage conditions, could 
facilitate an understanding of the evolution of chemicals present in the apples at the time of 
pressing throughout the process. This may help identify key components in the apples that 
contribute to bad cider.  
 
 
 
 
 
 
 
 
 
 ! !
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Appendices 
Appendix A: Pictures of Apples on Test Dates ! January!13,!2017!!
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Appendix B: Data Sheet and Results 
!
Appendix C: IR spectra of Apples from Lab 
Each IR spectrum is labeled with a date of testing (in M-DD format), its storage conditions (RA 
for regular atmosphere, IA for inert atmosphere, LT for low temperature, RT for room 
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temperature, HT for high temperature, and CA for the combination of inert atmosphere and low 
temperature), its cultivar of apple (G for Rhode Island greening and R for honeycrisp), and the 
number identifying the individual apple. 
111!
112!
113!
114!
115!
116!
117!
118!
119!
120!
121!
 
122!
123!
124!
 
125!
126!
127!
128!
 
129!
 
130!
131!
132!
133!
134!
135!
136!
 
 ! !
137!
 
Appendix D: IR spectra of relevant known compounds (from Pouchert) 
 
 Water, p. 109 
 
Ethanol, p. 109 
 
Fructose, p. 193 
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 Acetone, p. 405 
 
 Formaldehyde and Acetaldehyde, p. 465 
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L-Malic Acid, p. 522 
 
Ethyl Acetate, p. 600 
 
